Due to the deep sub-wavelength unit cell in metamaterials, the quasi-static approximation is usually employed to describe the propagation. By making pairs of resonators, we highlight that multiple scattering also occurs at this scale and results in the existence of a dipolar resonance, which leads to a negative index of refraction when we consider several resonators. We experimentally verify the possibility of obtaining a negative index of refraction in periodic metamaterials in two different ways, and eventually demonstrates a superlensing effect in both cases.
The wave-matter interaction is the basis for many applications relying on the wave-like nature of the system. Indeed, from the waves scattered by an object we can extract a specific property: for example the X-ray diffraction off the Bragg planes of a crystal allows to recover its crystalline structure 1 , the infra-red spectroscopy gives information about the chemical composition of a flask through molecular resonance excitations 2 , or even magnetic resonance imaging builds medical images from mapping relaxation times of atoms 3 . All of these understandings of the wave-matter interaction have recently lead to the advent of a new class of artifical media: the metamaterials. In this case, the strategy is slightly different; we engineer artificial objects that interact with waves in order to induce a new macroscopic property [4] [5] [6] . The motor of many advances in the field has been the quest for left-handed media exhibiting negative refraction 7, 8 , because of the inital proposal that a slab made of such a medium should behave as a perfect lens 9 . Nevertheless, this does not limit to this example, and many other ideas emerged as for example proposals of cloaking [10] [11] [12] , high-effective index 13 , or epsilon-near-zero media 14, 15 .
The double negativity of a system has often been obtained by mixing two different kinds of media, one bringing the negative effective permittivity 16 , and the other one being responsible of the negative permeability 17 . This approach neglects all of the possible interactions at the unit cell level between the two kinds of media. Recently, in acoustics, it has been demonstrated that a single negative metamaterial based on a resonant unit cell can be turned into a double negative one if the resonators are grouped by pairs 18, 19 . Typically, multiple scattering which occurs between the two-resonators creates a dipolar mode that spectrally overlaps with the initial monopolar one resulting in a double negative property.
In a periodic medium, a very convenient way to build physically a bigger super-cell that contains two resonators consists in either detuning one resonator out of two, thus ending on a bi-disperse medium, or by slightly moving the position of this resonator and ending on a bi-periodic medium. In this article, We experimentally explore these two different strategies in the microwave domain.
In our study, the resonant unit cell consists in a simple quarter-wavelength metallic rod on a ground plane. Seen from the top each of these resonators is very small compared to the wavelength and their resonant nature comes from their length. Here, we choose a rod diameter of 1 mm and a height of h 0 =16 mm, therefore resonating around 4.68 GHz. As a consequence, we can pack many of such elementary bricks within a wavelength and we therefore directly fall within the context of locally resonant metamaterials. It is now well known that the finite-length wire medium can be described with an effective permittivity which presents a Lorentzian profile near each resonance 20 . Basically with a metamaterial approach we would assume that all the resonators see the same incident electric field and their overall response is averaged in order to give a macroscopic effective property that only depends on the number of resonators per wavelength. With this description, the spatial organization of the wires does not influence the macroscopic behavior, but only their density does. Now, we want to induce a dipolar resonance by building a metamaterial that is still based on pairs of the previous resonant unit cell. We can do it in the two different aforementioned ways: the bi-periodic medium and the bi-dispersed one. In two dimensions, the most isotropic bi-periodic medium consists in a honey-comb arrangement of resonators In order to verify that the presence of this band traduces a negative refraction phenomenon, we perform a point source excitation at one interface of the slab samples. In both cases, we measure the transmission, using a vector network analyser, between this source and a near-field probe placed in the middle of the sample. This probe is mounted on a motorized 2D-stage and will be used later to map the field on top of the slab. Typical frequency spectra measured for both samples are represented in figure 2.a and b.
Both of them reveal the presence of resonance peaks, spanning frequencies from 3.5 GHz A first step to evidence the negative refraction comes from our two dimensional scan.
Indeed, we display in figure 2.c-f the intensity maps corresponding to different frequencies.
They can be classified in two very distinct groups. In the lower part of the resonance peaks (c and e) the intensity is distributed over the entire slab, while for the peaks near the band gap (d and f) the intensity seems to be confined along the horizontal axis facing the source position. A ray tracing with a negative refraction occurring at each interface is tempting to explain this effect, but canalization 25 or anisotropic efficiency of the bandgap could also cause such an intensity distribution. In any case, the intensity maps lack the phase information that is required to clearly identify if those metamaterials could be described with a negative index of refraction.
A convenient representation to extract the effective properties of a medium at a single frequency is the reciprocal space. We therefore carry out two dimensional Fourier transforms of the field maps and show the intensity distribution as a function of the wavevector k. Due to the slab geometry this leads to anisotropic intensity distribution. We therefore perform some symmetry operations on the resulting map. For the case of the honey-comb lattice they consist in applying a C6 rotational symmetry and 2 mirrors (vertical and horizontal).
For the square lattice made of two different resonators these operations are a C4 rotational symmetry combined with the two mirrors. In both cases we also take into account the translational symmetry with respect to the first Brillouin zone. Once these operations are done on the maps initially represented in intensity in the real space (figure 2.c-f), we end up on the intensity maps represented in the reciprocal space of figure 3 .a-f. For convenience we superimpose in white the first Brillouin zone as well as its periodic replica. We also superimpose a line that corresponds to an automatic detection of the intensity maximum in all propagating directions. For example, in figure 3 .a it results in a rounded contour which still shows a C6 symmetry but can fairly be approximated by a circle. The radius of this 5 circle is bigger than the free space circle (white dotted line) meaning that the dispersion relation at this frequency can be approximated by an effective index of refraction higher than unity in norm. For figure 3 .b the isofrequency contour looks more like an hexagon with rounded edges than a circle meaning that some anisotropy effects exist, but again this contour is outside of the freespace one (dashed line). Similar observations can be made for the sub-panels c and d except that in this case the reminiscence of the C4 symmetry of the crystal persists. At any rate, even if modeling the propagation in the metamaterial in terms of a unique scalar, ie. the effective index refraction, is probably too restrictive due to the anisotropy, this figure does not permit to conclude regarding the sign of this index of refraction.
We applied the same procedure for several frequencies and plot all of the obtained isofrequency contours. We separate the results in two different graphs for each type of crystal since they can be associated to the two desired bands with very different properties. For the honey-comb lattice case, the lowest frequency (blue line in figure 3 .e) corresponds to a circle slightly bigger than the freespace one. Increasing the frequency (meaning changing the color from blue to violet) we notice a rapid expansion of the circle's radius as expected from the usual picture of the polariton. Another frequency increment leads to an anistropic behavior and the propagation becomes forbidden in the ΓM directions while authorized in the ΓK directions. This is an unambiguous evidence of the crystalline nature of the propagation within such a metamaterial, albeit its deep sub-wavelength spatial scale. Moreover, even if this is out of the scope of this article, our measurements reveal the existence of a Dirac cone at the K-point 26 , which is far away from the free space light cone. Going to even higher frequencies, we move to the second propagation band and to the sub-panel (f) of the figure.
This corresponds to the desired effect: after few frequencies still exhibiting some anisotropic effects the isofrequency contours are circles centered on Γ with a radius that decreases with frequency. The circle-shape indicates that the propagation can be well described with a single scalar (the index of refraction) while the decrease in the radius with frequency indicates the negativeness of the latter. Very similar conclusions can be made on the isofrequency contours extracted from the measurement on the square lattice of rods (panel g and h) except that the anisotropy is more pronounced since the shape of the contours is more similar to rounded squares.
Let us now move to the last experiment which results from these observations. Since evanescent amplification of the field within the metamaterial despite the description in terms of a negative index.
As a summary, in this letter we have experimentally validated in microwaves the new strategy proposed in 18 to build a negative index metamaterial starting from a medium with solely one negative effective property (here the permittivity). This is simply based upon the idea that a bigger unit cell made of a pair of resonators should support a dipolar resonance.
Building such a meta-molecule is performed either by creating a bi-periodic medium (by moving the position of one resonator out of two) or a bi-periodic one (by detuning the same resonator), thus resulting in a periodic metamaterial whose unit cell contains two resonators. This experimental study unambiguously demonstrates that in both cases the multiple scattering induced dipolar resonance results in negative refraction. Thanks to a complete mapping of the field within our samples we experimentally extracted the full band diagram and strongly confirmed that a description in terms of a negative effective index of refraction is relevant for a given frequency range. Eventually, we observed a superlensing effect in both our samples for frequencies where the index of refraction is negative but with 8 an absolute value higher than one.
All of these results clearly show that the spatial organization of the resonators within a metamaterial plays a crucial role, albeit the small separation distance between them with respect to the free space wavelength. We cannot neglect anymore the correlation in positions between the resonators 19 and this effect is notoriously intensified in periodic media. There is no doubt that more and more complex unit cells 30 lead to new exotic macroscopic effective properties in the here-opened context of crystalline metamaterials.
